Abstract The propagation of surface plasmon polariton at an interface of metallic thin film and chiral sculptured thin film theoretically has been investigated using the transfer matrix method in the Kretschman configuration. The optical absorption of structure as a function of polar incident angle for linear polarization P and S has been calculated at different structural parameters. The results show that exist multiple plasmon peaks for P polarization, while there are the weak plasmon peaks when incident of light is S-polarized plane wave.
Introduction
Quasiparticles that can propagate at the interface between metal and dielectric due to collective charge oscillations are known as surface plasmon polaritons (SPP) [1] . Broad investigations of SPP waves have been done at the interface between a metal and an isotropic dielectric material [2, 3] . The research was later extended to interfaces of metals and anisotropic dielectric materials [4, 5] .
Since the introduction of sculptured thin films in 1995 by Lakhtakia at a meeting held at Penn State, the study of SPP waves on the interface of a metal and sculptured dielectric thin film has been focused. The chiral sculptured thin films (CSTFs) are three-dimensional bianisotropic nanostructures that can be produced by combination of oblique angle deposition and rotation of the substrate about its surface normal [6] [7] [8] [9] . The existence of sharp peak in optical absorbance of structure as angle of incident of light with linear polarization is due to excitation surface plasmon polariton wave [10] .
An SPP is a surface electromagnetic wave, whose electromagnetic field is confined to the near vicinity of the dielectric-metal interface [11] . This confinement leads to an enhancement of the electromagnetic field at the interface, resulting in an extraordinary sensitivity of SPPs to surface conditions. The sensitivity of peak wavelengths of plasmonic properties between nanometal and dielectric medium has been investigated using the finite-element method [12] [13] [14] . This sensitivity is extensively used for studying adsorbates on a surface, surface roughness, and related phenomena [11, 15] .
In this study, we report on propagating SPP dependence to structural parameters of metal and CSTF. The theoretical formulation is outlined in "Theory in Brief" section. Numerical results are presented and discussed in "Numerical Results and Discussion" section.
Theory in Brief
The Kretschmann configuration is a common experimental arrangement for the excitation and detection of SPP waves [2, 3] . In this study, the modified Kretschmann configuration was used to propagate of SPP waves [5] . The region 0 z l met is occupied by a metal of relative permittivity ε met , the region l met z l Σ ¼ l met þ l STF ð Þ by a dielectric CSTF described by the angle of rise X and structural of period (pitch)2 Ω ,whereas the regions z ≤ 0 and z ≥ l Σ are homogeneous isotropic dielectric material of relative permittivity " l ¼ n 2 l (Fig. 1) . A plane wave in the half space z≤0 propagating at an angle θ inc to the z-axis and at an angle Ψ inc to the x-axis in the xyplane towards the metal layer-coated CSTF in order to excite the SPP wave. The phasors of incident, reflected and transmitted electric fields are given as [16] :
The magnetic field's phasor in any region is given as:
where (a s , a p ) r s ,r p and t s ,t p are the amplitudes of incident plane wave, and reflected and transmitted waves with S or P polarizations. We also have:
where
is the free space wave number, 1 0 is the free space wavelength, " 0 ¼8:854Â10 À12 Fm
À1
and μ 0 ¼ 4p Â 10 À7 Hm À1 are the permittivity and permeability of free space (vacuum), respectively. The unit vectors for linear polarization normal and parallel to the incident plane, S and P, respectively, are defined as:
and u x;y;z are the unit vectors in Cartesian coordinates system. The reflectance and transmittance amplitudes can be obtained, using the continuity of the tangential components of electrical and magnetic fields at interfaces and solving the algebraic matrix equation [5] : 
The different terms and parameters of this equation are given in detail by Lakhtakia [16] . In order to obtain transfer matrix (½M = CSTF ), the piecewise homogeneity approximation method [17, 18] is used. In this method, the CSTF is divided into N sublayers with a thickness of h ¼ d=N (2 nm will suffice). The reflection and transmission can be calculated as: 
Numerical Results and Discussion
For the purpose of simulation, the structure is considered as a right-handed MgF 2 CSTF and silver thin film. In optical modeling, the relative permittivity scalars ε a,b,c of CSTF were calculated using the Bruggeman homogenization formalism [19] , as it is shown in Fig. 2 . In this formalism, the structure is considered as a two-component composite (MgF 2 and void). These quantities are dependent on different parameters, namely, columnar form factor, fraction of MgF 2 (f MgF 2 ), the wavelength of free space and the refractive index n λ 0 ð Þ þ ik λ 0 ð Þ. In addition, each column in the structure is considered as a string of identical long ellipsoids [17] . The ellipsoids are considered to be electrically small (i.e., small in a sense that their electrical interaction can be ignored) [20] . In all calculations, columnar form factors
(c, a, b are semimajor axis and small half-axes of ellipsoids, respectively) [21] .We have used the bulk experimental refractive indexes silver and MgF 2 [22] (Fig. 2) . In all our calculations, the absorbances N 4 ) ). Figure 3 shows that as the thickness of metal increases the SPP peak shifts to shorter polar incident angles for P-polarized plan wave. However, at first, the intensity of absorption increases (close to the skin depth
of metal) and then decreases. The skin depth of silver at λ 0 ¼ 633 nm is 25.21 nm. The intensity of absorption can be increased by choosing a proper void fraction and higher structural of period of CSTF. If thickness of metal more than skin depth, before the incident of light to interface of metal and CSTF, is absorbed and or reflected. Because with the increase of the metal film thickness, the efficiency of the SPP excitation (and the field enhancement) decreases as the tunneling distance increases [11] . If thickness of metal less than skin depth, a high percentage of incident light is transmitted of metal thin film and SPP is not excited. Therefore, when thickness of metal is close to the skin depth, the intensity of SPP is significant. The calculations were repeated for S polarization plane wave and the same results obtained. However, in all our calculations, the SPP peaks are weak, Fig. 3 Calculated absorbance as a function of θ inc , when y inc ¼ 0 λ 0 ¼ 633 nm; at different thicknesses of sliver for S-and Ppolarized plane wave. The CSTF (MgF 2 ) is described by the following parameters:
andl CSTF ¼ 2Ω. The relative permittivity of the silver (Ag) is " Ag ¼ À15:9761 þ i 1:03309, the ambient medium is ε l =4 (silicon nitride (Si 3 N 4 ) ) Fig. 4 Same as Fig. 3 except that the absorbance A p and A s were calculated at different porosities of CSTF and l met ¼ 30 nm because the direction of the polarization is perpendicular to the plane of incidence and can be increased by suitable structure [23] . The optical absorption A p and A s as a function of θ inc , when l met ¼ 30 nm at different porosities of CSTF have been depicted in Fig. 4 (see caption of Fig. 3 for structural parameters). Figure 4 shows that as the porosity of CSTF increases the SPP peak shifts to shorter polar incident angles for P-polarized plan wave and also its intensity decreases. At f v =0, the CSTF is homogeneous, isotropic, and dense. Then the relative permittivity scalars ε a,b,c of CSTF at higher porosities decrease. Therefore, the SPP peak roughly occurs close to critical angle sin θ SPP ffi
and it shifts to lower polar angles when porosity of CSTF increases. Also, the SPP peak widens, becomes asymmetric and eventually decreases as the porosity increases [24] . The calculations optical absorption as a function of θ inc , respectively, were repeated, when f v =0.4 at different thicknesses of CSTF (Fig. 5) , when l CSTF =2Ω at different pitches of CSTF (Fig. 5) , when Ω ¼ 150 nm at different angles of rise of CSTF (Fig. 7) and when X=20°at different Ψ inc s incident light ( Fig. 8 ; see captions of them for structural parameters). Figure 5 shows in our work at first the intensity of SPP peak increases until l CSTF ¼ 6Ω, then is not changed and also θ SPP % 40 is fixed. Calculations show that, as the normalized
increases from 0, the intensity of SPP peak rises. This peak saturates, further increases of l CSTF Ω have imperceptible effects. As the structural of period of CSTF increases the intensity of SPP peak rises and shifts to shorter polar incident angles (Fig. 6 ). Because the thickness of thin film increases with increasing the structural of CSTF, the location and intensity of SPP is almost fixed as the angle of rise of CSTF increases (Fig.7) . In the growth of CSTFs, the angle of rise and film porosity can be controlled independently [25] , and then the optical constants of thin film do not change with the angle of rise. Figure 8 shows that the optical absorption is not dependent on azimuthal angle, because in our work, the cross-section columns of CSTF is circular in xy plane (the small half-axes of ellipsoids are selected as
and ε a 's behavior is similar to that of ε c (" a ffi " c ).
In Fig. 9 , the effects of dispersion and dissipation of CSTF and metal on optical absorption spectra are considered. In the dispersion curve, the dispersion of dielectric function of CSTF is included in the Bruggeman homogenization formalism (i.e., homogenization is implemented for each wavelength). In the other three plots, the homogenization is performed at fixed wavelength. In the dispersion curves, the relative permittivity scalars, ε a,b,c for each λ 0 are different. But in other curves, the relative permittivity scalars for each wavelength remain constant with ε a,b,c wavelength of homogenization [26] . On the other hand, these effects are significant on propagation SPP wave. Relative phase speed
of SPP wave modes (K SPP ¼ K 0 n l sin θ SPP ) with respect to the inverse periodicity parameter Ω Ω ( Ω 0 is normalized pitch) for a Ppolarized plane wave has been calculated , as shown in Fig. 10 . It can be seen that five plasmonic modes exist. In the limit Ω ! 1, only one mode is possible because a chiral sculptured thin film is a columnar thin film [5] and it can be observed of Fig. 10 . Although at higher structural periods, due to numerical instabilities (overflow/underflow) occurring in the computation, a fixed point of relative phase speed of plasmonic mode cannot be found, one can find it by extrapolating the resulting curve to the axis where
We found that four other SPP modes arise and then vanish as Ω ! 0 [5] . At first, mode 5 vanished, followed modes 4, Fig. 6 , except that the absorbance A p and A s were calculated at different angles of rise of CSTF and Ω ¼ 150 nm 3, and 2, respectively. Mode 1 alone survives as half structural period is reduced further and the results achieved in this work are consistent with Lakhtakia's group [5, 16] .
In order to find the proof of excitation on SPP wave at metal/CSTF interface, the time-averaged Poynting vector PðzÞ ¼ 1 2 Re½EðzÞ Â H * ðzÞ versus thickness of metal film for a P-polarized plane wave has been depicted in Fig. 11 . The comparison between Cartesian components of P(z) shows that as metal thin film thickness increases the energy of photons of incident light is transferred to SPP quasiparticles and the SPP wave localized at metal/CSTF interface.
Summary
In this research, the excitation of SPP at the interface of silver thin film and chiral sculptured MgF 2 thin film using the transfer matrix method in the Kretschman configuration theoretically has been investigated. The optical absorption of structure for linear polarization S and P as a function of incident angle has been studied. The effects of different structural parameters and dispersion dielectric function on the propagation SPP wave have been calculated. The calculations of optical modeling show that for linear polarization P, multiple SPP mode exist at the interface which propagate with different velocities. However, for linear polarization S, the structure shows weak plasmon peak. Therefore, this study may be applied to characteristic for plasmonic properties at the interface metallic structures and chiral anisotropic thin films.
